A contour map showing minimum depths to ground water in the upper Santa Ana River valley region was constructed by contouring the shallowest water-level measurements reported to the California Department of Water Resources for the period from 1973 through 1979. The map identifies areas where ground-water conditions may be conducive to seismically-induced liquefaction.
However, the contour map is not a liquefaction-hazard map: although the mapped areas of shallow ground water most likely contain some water-saturated sedimentary materials that may be susceptible to liquefaction when shaken by an earthquake of sufficient magnitude and duration, the presence and distribution of these susceptible materials have not been demonstrated in this study.
Three generalized trends in ground-water behavior can be recognized in the 20 shallow-water zones identified on the contour map:
(1) Five of the 20 zones experienced shallow-water levels persistently throughout the 1973-1979 period. These areas include the shallow zones southwest of La Verne, along the southwest base of the San Bernardino Mountains, near Mill creek, east of Yucaipa, and in San Timateo Canyon. Although water levels in these areas fluctuated from season to season and from year to year, they remained consistently shallower than 50 ft below land surface throughout the 1973-1979 period. (2) Five of the 20 zones experienced water levels shallower than 50 feet intermittently during most of the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period, but experienced persistently shallow levels in 1978 and 1979 following several wet seasons with greater than average rainfall that began in late 1977. These areas include the shallow zones on the San Antonio Canyon alluvial fan, in Cajon Wash, in Reche Canyon, in the San Bernardino metropolitan area, and in the greater Santa Ana River area. Intermittently shallow ground water in these areas can be attributed either to their frequent recharge from natural and artificial sources or to their unique geohydrologic characteristics (including perched and (or) confined ground-water conditions or proximity to adjacent ground-water barriers).
(3) In six of the shallow-water areas, water levels shallower than 50 feet subsurface occurred mainly in 1978 and 1979; water levels rarely were shallower than 50 ft during 1973 through 1977. These areas include the shallow zones in San Antonio Wash, near Upland, in Lytle Creek Canyon, on the Lytle Creek fan, on the Santa Ana fioodplain, and in the vicinity of Muscoy. Shallow ground water in these areas can be attributed to the onset in late 1977 of an extended period with greater than average annual precipitation and, in some locations, to increased water-conservation activities in 1978 and 1979. In four of the shallow-water areas, water-level records are too short or incomplete to evaluate the persistence of shallow-water levels. These areas include the shallow zones south of Pomona, in the vicinity of Claremont, near Mentone, and in Riverside.
Additional monitoring of ground-water levels would be required to properly assess the persistence of shallow ground water in these areas.
In most of the 20 areas of shallow ground water identified on the map, the water table rose during the latter part of the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period. This shallowing trend occurred mainly because of two factors:
(1) Wetter-than-normal winters in 1977-1978 and 1978-1979 increased the volume of surface runoff and natural recharge in the upper Santa Ana River valley region and contributed to increased water conservation stemming from accelerated water-spreading activities conducted by local water agencies; and (2) commencing in 1972, ground water in the valley region has been replenished by artificial recharge of imported water derived from the California State Water Project. Together, the accelerated natural and artificial recharge of groundwater basins in 1977, 1978, and 1979 resulted in rising water tables throughout the valley region.
Water-level records more recent than September 1979 were not uniformly available for this study. However, examination of selected recent water-level data indicates that, for most of the areas of shallow ground water shown on figu"e 4 and on the contour map, ground water has remained shallower than 50 ft below land surface through December 1982. In some areas, ground water has risen even more. For example, in the San Bernardino metropolitan area, rising water locally has invaded basements, undermined roadways, and affected foundation construction (San Bernardino City Building and Safety Department and San Bernardino City Water Department, oral commun., October 1981 and March 1982) . Where post-1979 water levels have continued to rise, the areas underlain by shallow ground water have expanded and are now larger than the areas shown on the contour map of this report.
Each of the 20 areas where ground water was shallower than 50 ft below land surface during the 1973-1979 period can be expected to have shallow water whenever climatic conditions and water-management policies are similar to thos? in the 1970's. Because of the potential occurrence of sha'low ground water, the sedimentary materials in these areas should be evaluated for their susceptibility to seismically induced liquefaction.
INTRODUCTION
A contour map showing minimum depth to ground water was constructed for the upper Santa Ana River valley region. This map and the location of the study area (fif. 1) are shown on sheet 1. The contour map represents the first of several steps in our ongoing study of susceptibility to seismically induced ground failure by liquefaction in the valley region.
Depth to ground water is one of three variables that influence susceptibility to liquefaction. The other two variables are the physical properties of the sedimentary deposits and the severity of seismic shaking. Our approach for determining liquefaction susceptibilit;' in the study area is similar to the procedure developed by Youd and others (1978) . In future studies we will evaluate the sediment properties of the region and the severity of seismic shaking that can be expected locally and integrate these results with the data on depth to ground water presented in this report to produce a liquefaction-susceptibility map.
The contour map showing minimum depth to ground water is based on water-level measurements recorded by the California Department of Water Resources (CDWR) for the period from about September 1973 through about September 1979. The data from [1973] [1974] [1975] [1976] [1977] [1978] [1979] were convenient to examine because CDWR twice annually provides updated microfiche summaries of water-level data for the preceding 6-year period. At the start of this study, the most recent available update was for the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period. This period contained both drier-than-normal years (1975) (1976) (1977) and wetter-thannormal years (1978) (1979) ; thus, we could examine the impact of both types of climatic regimes on ground-waterdistribution patterns.
For evaluating liquefaction susceptibility, ground-water levels measured during the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period are significant for two reasons: (1) Climatic conditions and water-management policies during this period resulted in ground-water conditions that are similar to those existing in the upper Santa Ana River valley region through approximately December 1982; and (2) the distribution of ground water at shallow depths during this period corresponds well to the distribution of naturally occurring shallow ground water observed during the later years of the 19th century.
Correspondence between recent and historic groundwater patterns is significant because ground-water levels for much of this century have departed from naturally controlled levels. Prior to the modification of natural ground-water patterns by extensive human activities, the distribution of ground water in the upper Santa Ana River valley was controlled by long-term steady-state geohydrologic conditions that in places produced naturally occurring bodies of nearsurface ground water (for example, the areas of marshy ground portrayed by Mendenhall, 1905, and Fife, 1976) . During the first half of this century, these prevailing conditions were modified considerably due to extensive ground-water withdrawal for irrigation and for industrial, municipal, and domestic uses; as a result, regional water tables during those years generally were considerably lower than under natural conditions. During the 1973-1979 period, two factors apparently combined to restore historically high water levels:
(1) Changes in water-use and watermanagement policy were initiated in 1972 with the advent of extensive artificial recharge of regional ground-water reservoirs, and (2) wetter-than-normal winters occurred in 1978 and 1979. These two factors have produced rising groundwater levels that are reflected in the 20 areas of shallow ground water depicted on the contour map. To the extent that the climatic conditions and water-management policies of the 1973-1979 period persist and to the extent that the historical steady-state conditions that produced full groundwater reservoirs recur, we believe that the 20 areas depicted on the contour map are likely to contain shallow ground in the future.
Purpose
The purpose of this study is to identify areas in the upper Santa Ana River valley region where ground-water conditions may be conducive to seismically induced liquefaction. Liquefaction-induced ground failure occurs in areas underlain by loose granular cohesionless unconsolidated sediment that is saturated with water (Seed and Idriss, 1971; Seed, 1976; Youd and others, 1978) . However, the probability that liquefaction will occur decreases as thickness of overburden increases; liquefaction rarely occurs at depths greater than 50 ft below land surface. Accordingly, this contour map emphasizes areas where ground water shallower than 50 ft occurred during the 1973-1979 period. This contour map is not a liquefaction-hazard map. The mapped areas of shallow ground water most likely will contain some water-saturated sedimentary materials that may be susceptible to liquefaction when shaken by an earthquake of sufficient magnitude and duration. However, the presence and distribution of these susceptible materials have not been demonstrated in this study.
Uses and limitations
This study provides a generalized picture of where ground-water conditions in the past have been favorable for the occurrence of liquefaction. The study can be used by municipal and county agencies as a guide for determining where detailed site-specific studies related to liquefaction hazards may need to be conducted.
The generalized regional scope of this study prevents its indiscriminate use as a site-specific guide. The contour map depicts the general distribution of ground-water levels occurring across the valley region, but the map does not identify actual water levels occurring at any specific site and thus cannot be used as a definitive guide to site-specific water levels. Several factors prevent use of this map for sitespecific evaluations of ground-water contitions:
(1) Interpolation of contours between data points inherently is not a site-specific procedure. The ground-water contours were drawn on the basis of data from a small number of water wells, and water levels in areas between wells are generalized and inferred. Between the water wells, water levels presumably occurred within the ranges indicated by the contours, but in some places the levels in fact may have been shallower or deeper than the map indicates.
(2) The accuracy with which the ground-water contours represent the actual water depth between data points depends on the distribution of the water wells: where water wells are widely spaced, the ground-water contours depict the actual water depth between wells less accurately than where water wells are more closely spaced. The greater the distance between wells, the more likely that local variations in depth to ground water are undetected.
(3) Due to the well-location methods used in this study, some wells on the ground-water map could be mislocated by as much as half the diagonal width of a one-sixteenth section (933 ft) (see Well-location nomenclature). As a result, depthto-water contours that are drawn by interpolating between mislocated wells also are located inaccurately. However, the resultant error probably is small relative to errors that may result from other factors discussed in this section.
(4) Some CDWR well records are incomplete or have questionable reliability. Where data on minumum depth to ground water for the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period are erroneous for these reasons, we usually identified the erroneous data and took steps to minimize any effect on the contour map. However, occasionally an erroneous minimum value may have gone undetected and locally may have influenced the contour map.
(5) Sparse hydrogeologic data and scant information about the depth and length of perforated well casings hinder our ability to evaluate how closely water levels in a well correspond to water levels occurring in the adjacent ground. Except where discussed in the text, we have assumed that water levels measured in a given well closely reflect water levels occurring in the adjacent ground, although this assumption may not always be correct. Under certain hydrogeologic conditions, and depending on the placement of perforations in the well casing, water levels in the ground actually may differ significantly from water levels in a local well. For example, where a well taps a confined aquifer having a potentiometric surface near the ground surface, the shallow waterlevel measurements may indicate a shallow water table where in fact one does not exist. In this example, water levels would occur at or near the surface in the well because ground water from the deeper confined aquifer has been driven up the well to the elevation of the potentiometric surface. A shallow well driven adjacent to the deep well would provide a cross check for this condition.
(6) Because we obtained only limited hydrogeologic data and minimal information about the length and depth of perforated well casings, this report does not show the maximum extent of perched ground water in the valley region. Our map shows perched ground water in the Riverside area; however, perched ground water probably occurs intermittently at many other localities throughout the upper Santa Ana River valley. For example, during high-intensity storms, near-surface sediment underlying large tracts of ground may become saturated and may remain so for days or weeks. In addition, perched water at shallow levels may occur where ground water rises up a well casing, reaches a perforated interval, and then exits the well casing to penetrate surrounding sediment. This process would be most likely in areas where water wells tap ground water under artesian head. These perched water bodies would be undetectable unless penetrated by a test boring or an actively monitored water well. Thus, identifying perched ground-water bodies throughout the upper Santa Ana River valley region is difficult. Perched ground water that might occur after a storm or that might have escaped from perforated well casings would expand the zones of shallow ground water shown on our map or would create new bodies of shallow ground water where none was identified by us. Where these new expanses of perched ground water invade susceptible sedimentary materials, additional tracts of ground might become subject to liquefaction.
These factors caution prospective users not to apply this contour map to site-specific investigations in the upper Santa Ana River valley region. The map provides only a generalized picture of where we believe shallow ground water can be expected to occur based on the intermittent observation of shallow ground water in each of the 20 areas during the 1973-1979 period. The map thus identifies areas where sediments might be studied to assess their susceptibility to seismically induced liquefaction.
METHODOLOGY
For nearly a century, observation and measurement of ground-water reservoirs in the upper Santa Ana River valley have shown that ground-water levels have fluctuated as a result of variation in such factors as vegetation cover, temperature, precipitation, land use, the amount and rate of ground-water withdrawal, and the amount and rate of artificial recharge by water importation.
Among these factors, changes in water-use and water-management policies especially can contribute to rapid short-term variation in local ground-water tables. Because of these fluctuations in ground-water level, the shape and size of areas of shallow ground water change from season to season, year to year, and decade to decade.
These fluctuations complicate the evaluation of liquefaction susceptibility.
A ground-water map useful for the study of liquefaction susceptibility should show those areas where shallow ground water has occurred in the past, and where it is likely to occur in the future. A contour map showing minimum depths to ground water for a specific period achieves this goal. Such a map is different from most hydrologic maps. It does not show how the water table actually looked at any particular instant during the reporting period, nor does it show the average or typical ground-water conditions during the reporting period. Instead, this map shows what a hypothetical ground-water table would look like if the shallowest water level measured in each well during a particular period of record were used as the basis for constructing the map. Such a map is useful to an evaluation of liquefaction susceptibility because it delineates areas that at one time or another during the reporting period were underlain by shallow ground water. Once identified, each area of shallow ground water can be evaluated for its persistence that is, the probability that shallow ground water can be expected to occur under particular climatic, hydrogeologic, and water-management conditions.
The minimum-depth concept is illustrated schematically in figures 2A through 21 (sheet 1), where ground-water patterns beneath a hypothetical municipality are shown for individual years from 1973 through 1979. The shallowest water level measured during each year is indicated at the well site; areas where ground water shallower than 50 ft occurred are enclosed by a 50-ft contour.
During 1973 and 1974, water levels were deeper than 50 ft at all water wells; therefore, no 50-ft contour can be constructed ( figs. 2A, 2B ).
During 1975, water levels shallower than 50 ft were measured in several wells; two distinct areas of shallow ground water within the municipality are identified in figure 2C .
During 1976 through 1979, shallow ground water under the municipality is reflected by water-level measurements at many wells (figs. 2D, 2^, 2F, and 2G). However, the areas of shallow ground water have different shapes, sizes, and locations for each year. The problem created by variations in the water table now can be appreciated.
Within the hypothetical municipality, what method should be used to indicate (1) where shallow fround water has occurred in the past, (2) where shallow ground water potentially exists today, and (3) where shallow ground water may occur in the future? Figure 2H represents a composite of ground-water patterns for the years of record. This composite shows that within the hypothetical municipality, most areas were underlain by shallow ground water at least once during the 1973-1979 period, an observation relevant to liquefaction susceptibility. The methodological question is how to conveniently and concisely show that most areas of the municipality were underlain by ground water shallower than 50 ft at least once during the 1973-1979 period, even though the distribution of shallow water varied from year to year. For example, as seen in figure 2G , the northeastern part of the municipality was a zone of shallow ground water in 1979, while at the same time the southwestern sector was rot; as seen in figures 2C through 2F, this situation was reversed in 1975 through 1978, when the southwestern sector was a zone of shallow ground water while the northeastern sector was not. A single contour map showing minimum depths to ground water for the entire 1973 through 1979 period solves this dilemma and also provides a single product that municipal agencies can use as a basis for more detailed ground-water investigations. Figure 21 represents a contour map showing generalized minimum depths to ground water for the entire [1973] [1974] [1975] [1976] [1977] [1978] [1979] period. The 50-ft contour encircles any and all areas that presumably were underlain by ground water shallower than 50 ft during the 1973-1979 period. Although the contour pattern in fig. 21 was constructed using the contour patterns presented in figures 2A through 2H, a similar map would result from selecting the single shallowest water level measured at each well during the 1973-1979 period and contouring this data set. By either procedure, the single contour map of minimum depths to ground water in figure 21 conveniently and concisely shows where shallow ground water has occurred in the past and where it may occur in the f .iture. Statistical studies of short-term and long-term water level behavior can be conducted for this area in ord?r to demonstrate the persistence of shallow water in all or parts of the zone enclosed by the 50-ft contour.
Advantages and disadvantages of the minimum-depth method
In our study of ground-water patterns in the upper Santa Ana River valley, we used the minimum-depth-to-water technique.
When evaluating liquefaction susceptibility, tradeoffs are incorporated in the application of this technique, but we believe the benefits outweigh the shortcomings.
A chief disadvantage arises because the minimum-depth method assigns no probabilities to the depth-to-water values indicated by the contours that is, from the minimum-depth map the reader has no means of evaluating the persistence of the indicated shallow-water levels. Moreover, because probability values are not assigned to areas of shallow ground water, maps based on the minimum-depth technique do not distinguish between areas where water levels are shallow much of the time and areas where water levels are shallow only infrequently. Although these shortcomings are inherent to the minimum-depth method, their significance can be minimized if areas of shallow ground water identified by the method are accompanied by statistical studies that evaluate the persistence of shallow ground water in each area. Our study of ground-water patterns in the upper Santa Ana River valley region incorporates statistical data of this kind.
A chief advantage is that the minimum-depth technique identifies shallow ground water in areas where the de-Dth to ground water occasionally shallows to less than 50 ft even though depth to ground water typically exceeds 50 ft. By identifying these areas, the minimum-depth method contributes information more useful to the recognition of hazards due to shallow ground water than does the alternative technique of ground-water evaluation long-term averaging.
Average ground-water contours for the upper Santa Ana River valley region could be determined by a statistical study of long-term ground-water patterns (incorporating all waterlevel records). However, this method is inappropriate to the evaluation of liquefaction susceptibility because of shortcomings intrinsic to the averaging technique, and because recent hydrologic conditions and recent water-management policies within the region have resulted in ground-water trends that are atypical with respect to the average behavior of the regional ground-water body during most of this century.
The main shortcoming of the statistical-averaging technique is its tendency to mask the effect of skewed ground-water readings produced by episodes of very shallow or very deep water tables. Long-term averaging may disguise the presence of shallow water levels that occur intermittently in a well whose typical water levels are significantly deeper. For example, in a well having many waterlevel measurements deeper than 50 ft and few but significant measurements considerably shallower than 50 ft, the mean depth would be weighted heavily by the deeper values and would disguise the presence and significance of the shallow values. Whatever the explanation for these shallow measurements for example, seasonally perched water following wet periods, rising water due to decreased ground-water withdrawal, or rising water due to water importation and artificial recharge their presence and their significance to liquefaction susceptibility would tend to be disguised and diluted by the averaging method. Because of this masking problem, a contour map based on average long-term groundwater records in the upper Santa Ana River valley region would show fewer and smaller areas of shallow ground water than would a map based on the minimum-depth method.
A liquefaction-susceptibility evaluation based on a statistical average of long-term ground-water patterns would not permit an appropriate evaluation of the extent of shallow ground water presently in the valley region because statistical averaging would conceal rising ground-water trends that have occurred in the late 1970's and early 1980's. During this recent period, water levels have departed from long-term trends and approached worst case conditions because the region experienced several wet winters (for example, 1977-1978, 1978-1979, and 1981-1982) , and because in the early 1970's a water-management policy of water importation and artificial ground-water recharge was implemented under the auspices of the San Bernardino Valley Municipal Water District (Martin, 1979) . Together, the wet winters and artificial recharge have caused water tables to rise throughout much of the upper Santa Ana River valley region.
Because of these evolving hydrologic conditions, we used the minimum-depth technique to summarize groundwater patterns during the 6-year period between 1973 and 1979. This approach best identifies where shallow ground water has occurred in the past and where it is likely to recur in the future, provided that climatic patterns and water-use patterns similar to the 1973-1979 period recur. We have included with the contour map statistical data (tables 1 and 2, sheets 1 and 2, respectively) and qualitative discussions that evaluate the persistence of each area of shallow ground water. In this way, the reader can obtain some feeling for the likelihood of occurrence of shallow ground water in a particular area.
DATA POOL AND DATA USAGE

Source of well data
For the wells shown on this map, information on depth to ground water was obtained from CDWR water-well records. CDWR monitors ground-water levels and water quality in the State of California using an extensive grid of selected wells.
Well-location nomenclature CDWR uses two numbering systems for identifiertion of wells the Areal Designation System and the Stat^ Well Numbering System. Using these systems, the reader easily can identify the approximate location of a well. The exact location of a well is filed with CDWR district offices, but well-location information is only approximate in well-record inventories routinely available to us and to the public.
The Areal Designation System distinguishes a series of major drainage provinces that are subdivided further into hydrologic units, hydrologic subunits, and hydrologic subareas. A coding system based on a series of letters and numbers describes the location of a well to the nearest subarea. For example, a well located in a particular subarea would be identified by CDWR in the following way:
The Areal Designation System is augmented by the State Well Numbering System, which utilizes a coding technique based on township, range, and section subd! visions of the Public Land Survey to more accurately identify the location of a well than is possible with the Areal Designation System alone. With the appropriate sequence of letters and numbers, the State Well Numbering System enab'es the location of a well to the nearest sixteenth section: Because more than one well may have been drilled vithin a tract, sequence numbers generally are assigned to wells in chronological order (for example, three wells located in Tract R would be labeled as wells ROl, R02, and R03 in the order that they were cataloged by CDWR).
Well-location information routinely provided by CDWR allows wells to be located only to the nearest tract, so on the contour map we arbitrarily plotted each well in the center of the appropriate tract. However, for some wells we modified this procedure. Where data on depth to ground water and the position within a tract of a previously identified grouni-water barrier suggest that the well location cannot be in the center of the tract, we shifted the location to the appropriate side of the barrier and thus to some noncentral location within the tract. All wells monitored by CDWR in the upper Sa-^ta Ana River valley region during the 1973-1979 period are plotted on the contour map.
Because the Areal Designation System and the State Well Numbering System produce a bulky identification code that is difficult to display on a l:48,000-scale location map, we have assigned each locality where one or more wells are plotted a simple location number in the sequence 1 through 698. These sequential numbers are identified as map location numbers and are listed with their Areal Designation and State Well numbers in table 3 at the end of this pamphlet. The map location numbers are assigned sequentially within topographic quadrangle maps ( fig. 3 , sheet 1).
Well-data evaluation and selection
For each map-location number, the 1973-1979 waterlevel records of each well were examined to determine the minimum depth to ground water. To construct the contour map, we mainly used the shallowest value reported from the wells in each location. However, where CDWR notation indicated that the shallowest value was questionable, or where our own observations led us to question the accuracy of the value, we rejected the shallowest value and selected the next shallowest value instead.
For some wells, rejection of the entire record was necessary because it was questionable or so incomplete that we could not be certain if any of the water-level values actually represented a reasonable minimum-depth figure. For example, some wells with incomplete records yield anomalously deep minimum-depth values, but were monitored only during dry years such as 1976 and 1977. Examination of records from nearby wells that were monitored throughout the entire recording period showed that the dry years produced deep water levels in all local wells; however, in wells that were monitored continuously, water levels shallowed during wetter portions of the recording period. Because our goal was to delineate the actual minimum depths to ground water over the 1973-1979 period, we discarded incomplete well records having anomalously deep minimum water levels.
For each map-location number, table 3 shows the minimum acceptable value of depth to ground water recorded during the 1973-1979 period.
Data-contouring procedure
Minimum values of depth to ground water were contoured by hand using standard geometrical-interpolation methods. For water depths greater than 100 ft, the contour interval on this map is 50 ft. For water depths less than 100 ft, the 10-, 30-, 50-, and 75-ft contours are shown. The 10-, 30-, and 50-ft contours respectively delineate ground-water zones of less than 10 ft, 10-to-30 ft, and 30-to-50 ft below land surface. These water-level intervals may be significant in the evaluation of liquefaction susceptibility Youd and others, 1978) . For this reason, ground-water zones shallower than 50 ft below land surface are highlighted on the contour map; throughout the text we refer to these zones as areas of shallow ground water. The 75-ft contour is included to indicate areas that might be occupied by shallow ground water in the future if the regional ground-water table were to rise.
Geometric-interpolation techniques were used because we wanted an objective method for contouring ground-water depths. The absence of subsurface geologic control, the low density of water wells, and the incompleteness and questionable accuracy of some well records generally precluded contouring the well data by subjective methods based on hydrogeologic observations. However, where hydrologic or geologic evidence indicated that contour patterns produced by geometric interpolation were unreasonable, we subjectively modified the contours to conform to this evidence. For example, some contour patterns produced only by geometric interpolation resulted in local ground-water highs that were not located reasonably with respect to known sources of ground-water recharge, such as the mouths of stream canyons. In such areas, we would modify the interpolated contours if a more reasonable interpretation of groundwater patterns was possible without forcing the contours to contradict the available data.
GROUND-WATER BARRIERŜ
Previous workers have proposed numerous partial ground-water barriers in the upper Santa Ana River valley region; our ground-water map incorporates some of these proposed barriers. We retained a barrier if it explained differences in water-level measurements between adjacent wells.
For example, if water-level values from wells clustered in two adjacent areas differ significantly or if their water-level fluctuations behave in two independent patterns, a partial barrier to ground-water flow within the acuifer system most likely exists between the two areas. Where such discrepancies occur in our data, we were able to utilize ground-water barriers proposed by other workers, although in places a slight modification of these barriers was necessary to best fit our contour patterns. We did not incorporate previously recognized ground-water barriers where our waterlevel data did not require them. None of our water-level data required us to propose additional ground-water barriers.
The eight ground-water barriers shown on our contour map are modified from many sources. The Chino and San Jose barriers are modified from Eckis (1934) . The Indian Hill barrier is modified from an unpublished report by Geotechnical Consultants, Inc. (1980) . The Red Hill barrier is modified from Eckis (1934) and from Fife (1974) . Barrier H and the Rialto-Colton barrier are modified from Dutcher and Garrett (1963) . The San Jacinto barrier is modified from Dutcher and Garrett (1963) , Fife (1974) , Morton (1978) , and Miller (1979) . The Casa Blanca barrier is modified from Burnham and Dutcher (1960) . The reader is referred to these studies for descriptions of the ground-water barriers.
BEDROCK
Both consolidated sedimentary rocks and crystalline rocks in the study area are designated as bedrock; these areas are identified on the ground-water map.
Although the bedrock generally is nonliquefiable, it may locally contain areas susceptible to liquefaction. Depths to ground water are not shown in the bedrock areas.
HISTORICAL AREAS OF MARSHY GROUND
Historical bog, swamp, and marshland areas in the upper Santa Ana River valley region are shown by Fife (1976) en the basis of an irrigation map by Hall (1888) . Fife (1976) indicates that these wetlands occurred in four general areas: (1) in the Prado Flood Control Basin and along the adjacent Chino Creek; (2) near the city of Cucamonga in the vicinity of Red Hill; (3) northeast of the San Jacinto barrier, in and adjacent to the city of San Bernardino; and (4) west of: the city of Yucaipa in the Dunlap Acres area. No bogs, swamps, or marshlands exist in the upper Santa Ana River valley today, although the contour map shows that very shallow ground water occurs in several areas of historically marshy ground. Small decreases in depth to ground water in these areas easily could re-establish surface wetlands.
DISCUSSION AND INTERPRETATION
At least once during the 1973-1979 period, water levels in wells were shallower than 50 ft below land surface in 20 areas within the upper Santa Ana River valley region (ssaded areas on contour map and fig. 4 , sheet 1). We arbitrarily assigned names to these areas corresponding to local geographic features. In this section we discuss two aspects of each zone of shallow ground water: (1) the most likely origin of each zone, and (2) within the limits of the date, the persistence of shallow ground-water within each zone. The persistence, or frequency of occurrence, of shallow groundwater is significant because it is one indication of the degree of environmental hazard, whether due to ground-water flooding or due to ground liquefaction. Tables 1 and 2 supplement our discussion of shallowwater persistence. Table 1 statistically evaluates the well records from areas of shallow ground water other then the greater Santa Ana River area and perched ground water in the Riverside area. The persistence of shallow ground water is evaluated for three different periods: a statistical evaluation of the entire 1973-1979 period summarizes average ground-water conditions during the 6-year perod of record, and evaluations of two separate 18-month periods from April 1976 through September 1977 and from April 1978 through September 1979 provide a comparison between ground-water levels that occurred during a relatively dry period (1976) (1977) and ground-water levels that occurred during a relatively wet period (1978) (1979) . Table 2 provides data summarizing the depth to shallow ground water in the greater Santa Ana River area from 1973 through 1979, as well as the persistence of shallow water in this zone.
Areas of shallow depth to ground water Southwest of La Verne Shallow ground water occurs at the west end of the study area, southwest of La Verne. Shallow water levels here may result from recharge to the ground-water system by water stored in Puddingstone Reservoir, west of the study area. Alternatively, shallow water levels might occur here if southwestward-flowing ground water is effectively dammed behind impermeable rocks in the San Jose Hills on the west boundary of the map area. With only limited hydrogeologic data, we are unable to adequately evaluate the cause of shallow ground water in this area.
Ground water almost always was shallow here during the 1973-1979 period and was especially shallow in 1978 and 1979 (table 2). Three of the four wells in this area have average water levels shallower than 42 ft below land surface. In one of the two wells at location 119, 100 percent of the water-depth measurements are shallower than 30 ft, and in one of the two wells at location 120, 100 percent of the water-depth measurements are shallower than 50 ft. These data indicate that shallow ground water persisted in this area over the 1973-1979 period. Water levels were especially shallow during the wet years of 1978 and 1979, when the water depths in all four wells decreased to the shallowest levels of the 1973-1979 period. The contour map reflects the minimum-depth values that were recorded in 1978 and 1979.
South of Pomona
Shallow ground water south of Pomona may result from southward-migrating ground water being impeded by the Chino barrier and the Puente Hills. In the absence of hydrogeologic data and data on perforation intervals, we are unable to adequately evaluate the origin of shallow ground water in this area.
Evidence for shallow ground water here is provided by only one well (loc. 228), and this well only has an 8-month record of water-level measurements extending from April 1974 to January 1975 (table 1) . During this period, all of the water-level measurements were shallower than 30 ft below land surface, and the average water depth was 20.6 ft.
Claremont
Percolation of runoff from San Antonio and Thompson Creeks and spreading operations conducted by the Pomona Valley Protective Association (PVPA) and the city of Pomona Water Department (PWD) contribute to replenishment of ground water in the vicinity of the Claremont shallow groundwater area and may contribute to the occurrence of shallow ground water here. However, the geohydrologic conditions controlling ground-water levels are not clear, mainly because only one well (loc. 168) is monitored in this area. This well was free-flowing for much of the reporting period, although adjacent sediment to our knowledge is not saturated with free ground water at or near the ground surface. This contrast suggests that the water levels at well loc. 168 do not reflect water levels in the surrounding sediments, but instead reflect the position of a potentiometric surface for a confined aquifer. Thus, the well at location 168 could have freeflowing conditions even though surrounding sediments could be unsaturated to great depth. Saturation of surrounding sediments at shallow depths could occur here under any of three conditions: (1) if confined water was driven up the casings of wells in the area and escaped into the adjacent sediment through perforated intervals; (2) if water worked its way upward into shallow levels by penetrating leaky aquitards; or (3) if ground water of another aquifer system occurred at shallow depths here. These conditions co-ild be evaluated if test wells were driven into the shallow-water zone. Because we do not have subsurface geologic information and because data on well-perforation intervals ere not available, we are unable to evaluate the actual depth to ground water occurring in sediments in the Claremont area.
Evidence of shallow ground water in the vicirity of Claremont is provided by only one well (loc. 168). Water levels were measured in this well each year from 1974 through 1979 (table 2) , but only measurements made after mid-1978 are reliable. Most measurements obtained before mid-1978 were made while the well was being pumped. During pumping, water levels ranged from 52.0 to 116.0 ft below land surface. In mid-1978, after pumping ceased, water levels rose until the well became freeflowing. Flow continued from mid-1978 until the end of the [1973] [1974] [1975] [1976] [1977] [1978] [1979] period.
Although the data are not conclusive, these figures suggest that shallow ground water will occur in thb area when pumping operations are shut down, and ground-water levels can be expected to deepen by 116 ft or more depending on the duration and rate of pumping operations.
San Antonio wash
Shallow water that occurs northeast of Claremont, in the vicinity of San Antonio Creek channel, probably reflects surface runoff from San Antonio and Thompson CreeVs and spreading operations by PVPA and PWD north of the sh allowwater zone. Shallow-water conditions here probably result from downslope-migrating ground water that is impeded by the adjacent San Jose and Indian Hill barriers. In addition, perched or confined conditions may influence ground-water levels here.
In the absence of subsurface geologic information and in the absence of data on perforation intervals, we cannot adequately evaluate the origin or extent of shallow ground water in this area.
During the 1973-1979 period, ground water rare.'y was shallow in the eight wells in this area that provide acceotable water-level data; shallow water levels occurred only in 1978 and 1979 (table 1) . From 1973 to March 1978, most waterlevel measurements were deeper than 100 ft below land surface. Early in 1978, water levels began to rise, and by mid-1978 water levels in each well were shallower than 50 ft. During the second half of 1978 and in the first months of 1979, water levels progressively deepened; water depths measured during 1979 usually were between 60 ft and 150 ft below land surface. Only once was shallow ground water measured in 1979 (loc. 161); this measurement was 26.5 ft in April 1979.
The contour patterns in San Antonio Wash are based on the shallow ground-water levels measured in 1978. The factors that produced shallow water here during this year are not clear, especially considering the relatively deeper water levels of the pre-1978 period.
However, summaries of surface-water spreading activities provided to us by J. C. Lundie of the Pomona Water Department (written commun., May 1983) show that large amounts of surface runoff generated during the wet season of 1977-1978 were conserved by the PVPA through spreading activities directly upslope from the zone of shallow ground water indicated in the vicinity of San Antonio Canyon Wash. Shallow ground water can be expected in this area if hydrologic conditions similar to those in 1977-1978 recur; otherwise, ground-water levels similar to those in the pre-1978 period should prevail.
Upland
Near Red Hill in the Upland area, shallow ground water occurs northeast of and upslope from the Red Hill barrier, which probably impedes downslope-migrating ground water. In addition, perched or confined aquifers may p-omote shallow water depths in this area, as suggested by comparisons between water levels here and water levels in adjacent areas. Discrepancies between local levels and*levels in adjacent wells suggest that little or no hydrologic connection exists between shallow ground water in the Upland area and ground water in adjacent areas. This relation indicates that some of the wells in the area may tap perched or confined aquifers. In the absence of subsurface geologic information and data on perforation intervals, we cannot evaluate the hydrology of this area.
For the 1973-1979 period, evidence of shallow ground water is provided by one of two wells at location 142 (table  1) . In this well, shallow water levels occurred only in . Before 1978 The contour patterns in the Upland area are based on the shallow water levels measured during 1978 and 1979. What produced the shallow ground water in this area during these years is not dear, especially considering the relatively deeper water levels of the pre-1978 period. Shallow ground water can be expected in the Upland area if hydrologic conditions similar to those in spring 1978 recur; otherwise, water levels similar to those in the pre-1978 period should prevail.
San Antonio Canyon fan
Northwest of Claremont, a narrow northeast-trending zone of shallow ground water occurs along the base of the San Gabriel Mountains on the west margin of the San Antonio Canyon alluvial fan. Shallow ground water may accumulate in this area for three possible reasons: (1) Close to the mountain front, bedrock of low permeability may be very near the ground surface and may not allow ground water to percolate very far into the subsurface; (2) aquicludes within the sediment of San Antonio Canyon fan may cause shallow ground water to become perched intermittently; and (3) the shape and distribution of shallow ground water here may reflect recharge from many tributary streams flowing down to San Antonio Canyon fan from the northwest, as well as recharge from spreading operations conducted at Thompson Creek and on the San Antonio Canyon fan under the auspices of PVPA. On the basis of available subsurface data, the influence of each of these phenomena on local ground-water patterns is unclear.
The persistence of shallow ground water varies from well to well in this area. In some wells, shallow ground water occurred continuously during the 1973-1979 period. In other wells, shallow ground water occurred only in the final 2 years of the 1973-1979 period.
At locations 3, 13, and 18, shallow ground water was persistent during much of the 1973-1979 period (table 1) . Here, 100 percent of the water-depth measurements from 1973 through 1979 are shallower than 50 ft below land surface. Moreover, at location 3, 77 percent of the waterdepth measurements are shallower than 30 ft below land surface.
At locations 1, 4, 146, and 147, no shallow ground water occurred from 1973 through 1977 (table 1) . However, water levels rose in these wells in 1978, and in three of the four wells depth to water became shallower than 30 ft below land surface. In 1979, shallow ground water was measured in all four wells. Thus, during the 1973-1979 period, shallow ground water occurred in these four wells only during the last 2 years.
Lytle Creek canyon
In the north-central part of the study area, shallow ground water occurs in Lytle Creek canyon.
Here, a relatively thin accumulation of sediment covers impermeable bedrock of the valley floor. Shallow ground water may form after periods of greater-than-average precipitation and runoff, when the thin cover of canyon sediment is recharged with ground water. During the 1973-1979 period, shallow ground water occurred in this area only during or shortly after the rainy season.
Ground water was shallow in this area during parts of 1974, 1978, and 1979 (table 1) . At all other times during the 1973-1979 period, water-depth measurements ranged from 51.4 to 108.5 ft below land surface.. In 1974, ground water was shallow only in February (Iocs. 28 and 30, 49.4 and 48.4 ft, respectively). In 1978 and 1979, water levels in this area were measured only at location 28. In 1978, water depths at this location ranged from 44.4 ft to 30.4 ft in February and April; in 1979, a prolonged period of shallow ground water extended from February through July, when water deoths ranged from 37.4 to 49.4 ft.
If the correlation of shallow ground water with pe-iods of heavy rainfall and heavy discharge from Lytle Creek is valid, then ground water shallower than 50 ft can be expected in this area only during or after wetter-than-normal pericds.
Lytle Creek fan
Shallow ground water occurs on the upper part of l.ytle Creek fan after periods of greater-than-average precipitation, when the alluvial-fan aquifer is recharge^ by rainfall and by ground water and surface water from Lytle Creek canyon. Impermeable sediment in the subsurface also may contribute to shallow water levels in this area by limiting downward migration of ground water.
During the 1973-1979 period, shallow ground water occurred in this area only during parts of 1974, 1978, and 1979 (table 2) . At other times, water-depth measurements ranged from 50.1 to 82.0 ft below land surface. Gro-indwater levels were monitored in three wells here (one well at loc. 32 and two wells at loc. 33).
In 1974, shallow ground water occurred simultaneously in all three wells only in April (depths ranged from 47.0 to 48.5 ft); shallow ground water occurred in one of the three wells in May and June (depths both months measured at 50.0 ft).
A more prolonged period of shallow ground water occurred in the three wells from March through July 1978, when all but one water-level measurement ranged from 25.0 to 48.0 ft below land surface. Later in 1978, shallow ground water occurred in December (49.5 ft in one well at loc. 33). A third episode of shallow ground water occurred from March through May 1979, when water levels ranged from 42.0 to 50.0 ft below land surface in the two wells at location 33 and from 47.0 to 54.0 ft below land surface in the well at locetion 32.
The origin and significance of shallow ground water in the Lytle Creek fan area is not clear. However, shallow ground water occurs here after periods of heavy rainfall and discharge from Lytle Creek; if this observation is valid, then ground water shallower than 50 ft can be expected in this area during or after periods of greater-than-normal precipitation.
Cajon Wash
Shallow ground water occurs where Cajon Wash enters the study area. Here, water levels may fluctuate with variations in annual or seasonal precipitation and (or) with variations in the quantity of water imported by the State Water Project. In the absence of adequate hydrogeologic information for the area, we are unable to evaluate vhat influence these variations have on local ground-water levels.
Evidence of shallow ground water in Cajon Wash during the 1973-1979 period is provided by the well at location 27 (table 1). Water levels were not monitored during all years of the 1973-1979 period, but records exist for . In both 1973 , all water levels were deeper than 80 ft below land surface. During parts of 1978 and 1979, water levels were shallower than 50 ft. The shallowest ground water occurred in 1978, when 71 percent of the measurements were shallower than 50 ft below land sur'ace and 57 percent of the measurements were shallower than 30 ft below land surface; water levels ranged from 2.7 to 83,3 ft below land surface during this period.
Just outside of the study area but upstream in Cajon Wash, two wells were monitored from 1973 to 1979; their Areal Designation and State Well numbers are Y-01.E2 02N/05W-19Q01 and 19K02. Water levels in these two wells were much shallower and more persistent than water levels at location 27, and shallow ground water was present almost continuously during the 1973-1979 period.
The intermittent occurrence of ground water shallower than 50 ft at location 27 is compatible with the more pervasive occurrence of shallow ground water in the wells upstream in Cajon Wash. Ground water most likely will be shallower than 50 ft in the Cajon Wash area during periods of greater-tban-normal recharge.
Southwest base of the San Bernardino Mountains
A narrow strip of shallow ground water extends along the base of the San Bernardino Mountains from Cajon Wash eastward to the vicinity of Waterman Canyon. Because wells are sparsely distributed in this area and because we have not located these wells more accurately than the nearest sixteenth-section, we are not able to determine the actual size and shape of this area of shallow ground water or to confirm whether shallow water occurs pervasively throughout the entire area. Factors that control the local distribution of ground water here are difficult to evaluate for three reasons: (1) We are uncertain to what extent range-front faults impede ground water, especially upstream from where the faults cross the mouths of canyons; (2) we do not know to what extent impermeable sediment and bedrock influence ground-water flow patterns; and (3) we are uncertain to what degree the distribution of sources of ground-water recharge (principally runoff from the San Bernardino Mountains and recharge from outfalls of the State Water Project) influences local ground-water patterns. Thus, the contours shown in this area probably do not accurately reflect ground-water patterns that would result from the configuration of faults, geologic rock units, and recharge sources. Instead, the contours reflect geometric interpolation of water-level data from a sparse number of imprecisely located wells and therefore are generalized at best.
During the 1973-1979 period, ground-water levels were persistently shallow in the three wells monitored in this area (table 1; two wells occur in Devil Canyon, loc. 45, and one well occurs near Waterman Canyon, loc. 50). In all three wells, 100 percent of the water levels measured during the 1973-1979 period were shallower than 50 ft below land surface. In the Waterman Canyon well, 100 percent of the water levels were shallower than 30 ft below land surface; in Devil Canyon, ground-water depths shallower than 30 ft occurred in only one well, where 88 percent of the 1973-1979 water depths were shallower than 30 ft below land surface.
Santa Ana f loodplain
Shallow ground water occurs where the Santa Ana River exits the San Bernardino Mountains and enters the San Bernardino Valley. The shape and location of this water zone suggest that discharge from the Santa Ana River largely controls water levels in this area. Outfall from State Water Project outlets near the Santa Ana River (Martin, 1979 ) also may partly control local ground-water patterns, and to a lesser degree runoff from Oak Creek and Plunge Creek may contribute to ground-water recharge. We have not evaluated how influential each of these factors is in controlling local ground-water levels.
Of the nine well locations within the shaded area, evidence of shallow ground water is provided by only three wells two occurring at location 515 and a third occurring at location 467. Although well records at the other seven locations (464, 468, 471, 475, 477, 478, 479) are fairly complete for early years in the 1973-1979 period, the records do not contain water-level data for the years since 1976 and in some cases since 1974. Accordingly, we cannot determine whether these seven wells produced the same shallowing trends in the 1977-1979 period that were produced at locations 467 and 515. Thus, we cannot accurately define the size and shape of the area of shallow ground water. This area owes its portrayed size and shape to modified geometric interpolation from well data at locations 467 and 515 and from well data at locations outside of the area of shallow ground water. The shape of the contours were modified to be consistent with probable recharge sources. In the interpolation procers, we did not use minimum-depth values for the seven incomplete well records. These seven wells probably produced shallowing trends during 1978, so the shape and size of the shaded area on the Santa Ana River floodplain reflects this.
Where the Santa Ana River leaves the San Bernardino Mountains, water levels in the two wells at location 515 ranged from 50 to 99 ft below land surface during most of the 1973-1979 period. However, shallow water levels occurred intermittently in these wells during four different years (table 1): (1) In 1974, shallow water levels occurred ir both wells during March and April, when water depths rangec1 from 43.1 to 43.8 ft below land surface; (2) in February 1977, shallow ground water occurred in one of the wells (46,8 ft); (3) during 1978, prolonged episodes of shallow ground water occurred at both wells, and the percentage of measurements shallower than 50 ft ranged from 82 percent in one of the wells to 93 percent in the other well; and (4) in 1979, si allow ground water occurred again, although water levels that year were monitored in only one of the two wells at location 515. In this well, all 1979 water-depth measurements were shallower than 50 ft.
Downstream and to the west of the point where the Santa Ana River leaves the San Bernardino Mountain^-the well at location 467 produced shallow water levels only during parts of 1978 and 1979 (table 1). From October 1973 through March 1978, ground-water levels here ranged from 10?. 3 to 179.9 ft below land surface. In April 1978, the ground-water level began to rise, a trend that continued until the first shallow-water level was recorded in August 1978 (41.4 ft). From August through October, water depths remained shallow and ranged from 40.3 to 46.2 ft below land surface. From October 1978 through March 1979, water levels ranged from 52.1 to 57.2 ft below land surface, with the exception of one water-level measurement of 48.1 ft. In April 1979, f round water rose to 34.9 ft below land surface, a trend that continued through July 1979, when the latest water-depth measurement available was 27.1 ft below land surface.
On the contour map, the distribution of ground water downstream from the point where the Santa Ana River exits the San Bernardino Mountains reflects shallow water levels recorded mainly during 1978 and 1979. All of the nine wells in this area showed ground-water levels deeper than 50 ft below land surface during much of the early part of the 1973-1979 period. Only in 1978 did water levels begin t^ rise pervasively, especially in wells near the mountain front.
Mill Creek
The presence of shallow ground water in Mill Creek Canyon and southwest of the canyon in the channel cf Mill Creek wash suggests that ground-water recharge by surface water flowing in Mill Creek mainly is responsible for the shallow water levels. Recharge from outfalls of the State Water Project may supply additional ground water t~> this area.
In the Mill Creek area, shallow ground water persisted during most of the 1973-1979 period. For example, in three of the six wells in the area (loc. 517, 520, and 524), 100 percent of the water-depth measurements were shallower than 50 ft, and the average water depth ranged from 10.5 to 27.6 ft (table 2). In the other three wells (loc. 519, 521 and 522), water levels were not as consistently shallow, although they also demonstrate the persistence of shallow ground water in the Mill Creek area. In these three wells, the measurements shallower than 50 ft ranged from 54 to 76 percent, and the average depth to water ranged from 42.7 to ^3.7 ft (table 2).
Mentone
The factors contributing to shallow ground wate^ near the city of Mentone are unclear, especially considering that water levels in some adjacent areas are substantially deeper than water levels in the Mentone area. The contrast in water levels suggests that the Mentone shallow-water zone may be produced by an isolated hydrologic system of perched ground water, although we have not confirmed perched conditions here.
Shallow ground water is indicated in this area by only one well that was monitored from September 1978 to May 1979 (loc. 498, table 1). Only the September 1978 measurement of 49.9 ft was shallower than 50 ft; the measurements during the other months of record ranged from 62.3 to 76.8 ft.
East of Yucaipa
Ground-water recharge from Wilson and Oak Glen Creeks and the damming effect of the Casa Blanca barrier probably are responsible for shallow ground water here. However, we have not confirmed this.
During the 1973-1979 period, most water-level measurements in this area were shallower than 50 ft below land surface, and many measurements were shallower than 30 ft below land surface. In the two wells monitored here (loc. 532 and 533), many of the water-level measurements are questionable because they were obtained while the wells were pumping. When the wells were not pumping, 50 percent of the water-level measurements at location 532 and 91 percent of the water-level measurements at location 533 were shallower than 50 ft below land surface (table 1) . Moreover, at location 532, 15 percent of the water-level measurements were shallower than 30 ft below land surface, and at location 533, 49 percent of the water-level measurements were shallower than 30 ft.
Statistical data for shallow ground water east of Yucaipa suggest that ground water shallower than 50 ft below land surface can be expected here when pumping operations are suspended.
San Timoteo Canyon
South of the Redlands area, shallow water levels in part of San Timoteo Canyon probably occur because water flowing down San Timoteo Creek easily replenishes the local groundwater supply. In addition, impermeable sedimentary layers and bedrock may occur at shallow depths in the subsurface and may limit the depth of ground-water migration.
The shaded area of shallow ground water in San Timoteo Canyon is based on water-level data from two wells. These wells occur outside the boundary of the study area and are not shown on the contour map; their Areal Designation and State Well numbers are Y-01.F2 02S/02W-20K01 and 02S/03W-24B01.
In the first well, ground-water levels persisted at shallow depths during the 1973-1979 period. Although monitored only once each year from 1974 to 1978, 100 percent of the water-level measurements were shallower than 30 ft, the water depth ranged from 21.8 to 29.3 ft below land surface, and the average water depth was 24.9 ft below land surface. In the second well, water depths were not as persistently shallow, but usually were shallower than 50 ft below land surface. In this well, water levels were measured only in 1973 and 1974, 67 percent of the water depth measurements were shallower than 50 ft below land surface, and the average depth to ground water was 42.4 ft.
This area owes its portrayed size and shape to modified geometric interpolation between the two wells located outside the study area and wells located adjacent to the area of shallow ground water. The position of the local contours was modified to be consistent with probable recharge sources.
Reche Canyon
Shallow ground water occurs south of Loma Linda in Reche Canyon. Ground water in this area most likely is replenished by downward percolation of surface water flowing in creeks on the valley floor and by downslope flow of ground water through valley-filling sediment of the canyon. Lowpermeability bedrock probably occurs at shallow depths in this part of Reche Canyon, thus limiting the depth of groundwater percolation.
During the 1973-1979 period, many of the water-level measurements in this area were shallower than 50 ft below land surface. Water levels were monitored in three wells during this period (Iocs. 432, 453, 514, table 1) . At locat'-on 432, measurements were made only in September 1973, when the water level was 46.0 ft below land surface. At locat'on 514, water levels were measured once in 1974 (37.0 ft) and once in 1975 (64.3 ft). Only at location 453 were water levels measured in each year of the 1973-1979 period. Here, 57 percent of the water-depth measurements were shallover than 50 ft below land surface, and the average water depth was 46 ft. Shallow water occurred in the wells at this location in In the Muscoy area, shallow ground water occurs on the northeast side of the San Jacinto barrier, where the barrier intersects Cajon Wash. Shallow water levels here probaMy are caused by ground water flowing down Cajon Wash and backing up behind the San Jacinto barrier. However, we have not confirmed this interpretation.
In this area, shallow ground water did not occur until the final two years of the 1973-1979 period, when water levels became persistently shallow. Eight wells are located in this area (loc. 58, 61, 62, 66, 71, 88, 92, and 317) , and seven of these eight wells provide evidence of shallow wat«r. Water levels in the eighth well are anomolously deep (l^c. 58). For this reason, we regard this well as unrepresentat've of water levels in the area, so we disregarded its water-level records.
In the seven acceptable wells, water levels recorded from 1973 through March 1978 ranged from 90.0 to 248.C ft below land surface. Beginning in about April 1978, ground water in these wells began to rise. Shallow water levels occurred in most of the wells by the end of 1978, and by January 1979 shallow water levels had occurred in all of the wells. From January 1979 through the end of the 1973-1979 period, 75 percent of the water-depth measurements were shallower than 50 ft, and all of the water-deoth measurements ranged from 8.0 to 61.1 ft below land surface.
San Bernardino
In the vicinity of San Bernardino, a large area of shallow ground water occurs northeast of the San Jacinto ground-water barrier. This barrier is created by the San Jacinto fault zone. In the south part of the metropolitan area, the Santa Ana Wash crosses the fault zone. Several workers have suggested that ground water migrat'ng downslope in the vicinity of this wash does not flow easily through the fault zone, and that the zone is responsible for the backup of shallow water in the area (Mendenhall, 19n5; Dutcher and Garrett, 1963) .
In addition, shallow ground water in the San Bernard'io metropolitan area also may be caused by confined ground water which has sufficient artesian head so that it can rise to shallow levels behind the San Jacinto barrier (Mendentvill, 1905; Dutcher and Garrett, 1963; Hardt and Hutchinson, 1980) . In this model, artesian aquifers consist of sand and gravel layers; aquitards, which separate the artesian aquifers, consist of clay and silty-clay layers that are relatively impermeable. Northwest of the area of shallow ground water, toward the base of the San Bernardino Mountains, the aquitards become thinner and eventually pinch out. Recha-ge of the aquifers mainly occurs in the area between the zone of aquitard pinch out and the base of the mountains.
In the vicinity of the shallow ground-water levels, water in the aquifers is confined under artesian head by the aquitards. The height of the artesian head within each aquifer defines the elevation of the potentiometric surface of that aquifer. For each confined aquifer, the potentiometric surface elevation is different; generally, the greater the depth of a particular confined aquifer, the higher the elevation of its potentiometric surface.
This situat^n creates a pressure differential between aquifers, wlvdi requires water to flow upward from the aquifer having the higher potentiometric surface. If this hypothesized groundwater model applies to the San Bernardino area, then upward flow of ground water from deeper aquifers can occur across aquitards and may contribute shallow ground water to unconsolidated sediment underlying the San Bernardino metropolitan area.
The presence of confined aquifers casts uncertainty on the origin and significance of water levels that are measured in wells within the area of shallow ground water. For example, where a confined aquifer having a potentiometric surface near the ground surface is penetrated by a well that is perforated at the confined level, shallow water-level measurements may suggest the presence of a shallow water table where in fact one does not exist. For wells used in this study, we do not have well-depth or perforation-interval data. Consequently, we have not evaluated influences that confined aquifers may have on ground water in the San Bernardino area. However, on the basis of the general agreement between our data and those of the San Bernardino Municipal Water Department (1981; Martin, 1979) and of the known occurrence of free ground water at shallow levels in trenches and geotechnical test borings, we believe that the ground-water contours shown on our map reasonably represent the distribution of free ground water in the San Bernardino area for the 1973-1979 period. In this area, water levels and trends in water-level behavior vary considerably from well to well. However, three general trends can be characterized (table 1): (1) In the majority of wells, water depths prior to 1978 generally ranged between 50 and 150 ft below land surface; (2) in most wells, ground water began to rise in 1978; and (3) shallow water levels occurred in most wells only in 1978 and (or) 1979. Recent data unavailable for this report indicate that the trend toward rising water tables has continued through December 1981 and that the zone of shallow ground water shown on our map has increased in area.
Historical and geohydrologic data document the longterm occurrence of water levels at or above the ground surface in the San Bernardino metropolitan area. At various times during the 19th and 20th centuries, tracts of marshland and boggy ground, together with springs, lakes, and ponds, have occurred here (Fife, 1974; Fife and others, 1976, p. 21-25) . Evidence for long-term cycles of wetland and dryland development also can be seen in the geologic record where test borings in the shallow subsurface show that peat-bearing deposits and clay deposits of marsh and lake origin are interlayered with sand and pebble deposits of fluvial origin. On the basis of these historical and geological precedents for shallow ground water in the San Bernardino area, the rising ground-water trends beginning in 1978 constitute a significant restoration of hydrologic patterns that can be expected when wetter-than-normal winters coincide with episodes of reduced ground-water withdrawal and increased artificial recharge.
Greater Santa Ana River
Shallow ground water occurs along the course of the Santa Ana River from the San Jacinto ground-water barrier southwestward to Prado Dam. In addition, several broad areas of shallow ground water occur along the margins of the Santa Ana River: (1) west and northwest of the river, in the Glen Avon area; (2) east and southeast of the river, in the Riverside-Casa Blanca-Arlington-La Sierra area; and (3) southeast of the river in the Corona area. In all of these areas, shallow depths to low-permeability bedrock probably limit downward percolation of water and lead to ponding of ground water at shallow levels. This is especially likely where bedrock is shallowest and where natural and artificial recharge occurs frequently or at high rates. Within and marginal to the Santa Ana River, ground water is recharged from the river itself. Elsewhere, recharge occurs during rainfall periods, by runoff from surrounding bedrock areas, and by agricultural irrigation and other artificial recharge activities.
Santa Ana River channel. Ground water in the vicinity of the Santa Ana River generally was shallow during the 1973-1979 period, although water-depth patterns did vary (table 2). For wells within the 10-and 30-ft contours, water levels generally were shallower than 50 ft during the 1973-1979 period, although some deeper water levels occurred. Among wells located between the 30-and 50-ft contours, shallow ground water was not so persistent, and water levels deeper than 50 ft below land surface occurred with varying frequency during the 1973-1979 period. These water-level patterns suggest that shallow ground water can be expected relatively frequently in and very near the Santa Ana River, but that both the frequency of shallow ground water and the depth to ground water fall off with distance from the river channel.
Areas flanking the Santa Ana River. In the Glen Avon area, in the greater Riverside area, and in the Corona area, ground water has been shallower than 50 ft intermittently throughout the 1973-1979 period (table 2). For wells located within the 10-ft, 10-to 30-ft, and 30-to 50-ft contou-s, water-level behavior generally has been similar to behavior along the Santa Ana River. However, in these outlying areas, ground-water recharge rates and withdrawal rates have varied, and water levels have fluctuated over greater ranges with greater frequency. In general, however, shallow ground water can be expected relatively frequently in these outlying areas.
Riverside
In Riverside, anomalously shallow water in the well at location 686 probably indicates perched or confined conditions. Because there is very little data at location 6f 6, and because the data is discussed throughly here, we have omitted statistical analysis of this data from table 1. Water depth was measured four times in this well, with the fcur measurements taken from October 1973 through March 1975. During this period, water levels ranged from 13.6 to 15.4 ft below land surface. This range of water depths is anomalously shallower than the range of water depths that were measured in adjacent wells during the same period. In adjacent wells, water depths ranged from 74.1 to 115.8 ft below land surface (loc. 683, 685, 688 and 691) . This discrepancy in water levels suggests that shallow water in the w;ll at location 686 results because the well taps either a perched aquifer or a confined aquifer. If the well taps a perched aquifer, depth to water in the well would accurately represent the level of ground water in the adjacent sediment. However, if the well taps a confined aquifer, depth to water in the well would indicate the depth to the potentiometric surface of the confined aquifer and would rot indicate the depth to free ground water in the adjacent area. On the contour map, we chose to show perched ground water at this locality because we had no evidence suggesting that an artesian aquifer occurs here. However, we have rot confirmed that perched ground-water conditions occur at this locality.
CONCLUSIONS
In the upper Santa Ana River valley, ground water shallower than 50 ft below land surface has occurred in 20 areas during 1973-1979. Shallow ground water can be expected in these areas whenever climatic conditions and water-management policies are similar to those of the 1970's.
Because of the potential occurrence of shallow ground water, the sedimentary materials in these areas should be evaluated for their susceptibility to seismically induced liquefaction.
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02S/05W-02M06 02S/05W-02L01,02,05 02S/06W-01Q01 02S/05W-07F01 02S/05W-08G01,04 02S/05W-10G07.01 02S/06W-11K03 02S/06W-11J02 02S/06W-12M03 02S/06W-12L01 02S/05W-07M01 02S/05W-08K02 02S/05W-10L05 02S/06W-11Q01 02S/05W-07R03 02S/05W-10P01 02S/05W-10Q04 02S/06W-14C02 02S/06W-13C06.07 02S/06W-13604,06 02S/05W-18C02 02S/05W-17A01,02 02S/05W-15B06 02S/05W-14D01 01N/05W-36R01 01N/04W-32N01 01S/04W-05C03 01S/04W-03D01 01S/04W-02A03.05 01S/04W-06H01 01S/04W-05E05 01S/04W-04E03 01S/04W-01E01,02 01S/05W-02K01 01S/04W-06J01 01S/04W-03J05 01S/04W-02M01 01S/04W-02L07 01S/04W-02K02,01,03 01S/04W-03Q01 01S/04W-02N01 1S/05W-25B02 01S/05W-25A03.02 01S/04W-30D06 01S/04W-28D01 01S/04W-28C01 01S/04W-28A05 01S/04W-27A10,07,08,09, 11,13,19 01S/04W-29H01.02 01S/04W-28E01 01S/04W-28G01 01S/04W-27H01 01S/05W-25L02 01S/04W-30L02 01S/04W-28M01 01S/04W-28L02.01 01S/04W-28K02,01 01S/04W-27L01 01S/04W-26J01 01S/05W-25R04 01S/04W-30P01 01S/04W-29Q01,03,04 01S/04W-29R01 01S/04W-28H05 01S/04W-28R01 01S/05W-36C11 01S/04W-31D02 01S/04W-32B01.02 01S/04W-33B05.03 01S/04W-34B01 01S/05W-35G02 01S/04W-32E11,07,10 01S/04W-32G04 01S/04W-31J01 01S/Q4W-32M01.03 01S/04W-32Q02 01S/04W-34Q01 02S/04W-06A03 02S/04W-05C01 02S/04W-05F01 02S/05W-01J01.02 02S/04W-06K02 02S/05W-02Q07 02S/05W-02R03,01,02 02S/04W-06R06,01,05 02S/04W-05N01 02S/05W-11A01 02S/05W-12A01 02S/04W-08D04 02S/04W-08E01 02S/05W-11K02 02S/05W-12K02 02S/05W-12J01 02S/04W-07L01 02S/04W-08M02.01 02S/05W-12P01 02S/04W-07N03 02S/04W-12P02 01N/04W-36Q01 01N/03W-33R02 01S/04W-01B04 01S/04W-OU06 01S/03W-05D04 and 06, 01,05 01S/03W-03D03 01S/04W-01G01 01S/04W-01H01 01S/03W-06H04. 01S/02W-25K02 01S/02W-25R02 01S/02W-36C04 01S/01W-32C01 01S/01W-32A01 01S/02W-36F01 01S/02W-34N02 01S/02W-36N01 01S/02W-36R01 02S/02W-02D02 02S/02W-01F01 02S/02W-03L01 02S/02W-02M02 02S/02W-02N01 02S/02W-10C01 02S/02W-11D02 02S/02W-11 602,01 02S/02W-11A01 02S/01W-08C01 023/01 W-08E01 02S/02W-10K01 02S/02W-15A03 02S/02W-14B01 02S/08W-26J02 02S/08W-35C02 02S/07W-32H01 02S/08W-35J01,02 03S/07W-06H02 03S/07W-08L01 03S/07W-21M02,01 03S/07W-21N01 02S/06W-21D03 02S/06W-21E01 02S/07W-27A02 02S/06W-27D04 02S/06W-28E01 02S/07W-25M01 02S/07W-27R01 02S/06W-30R03 02S/07W-35C02 02S/07W-36D01 02S/07W-36A07 02S/06W-31D01 02S/06W-31C01 02S/07W-34H01 02S/07W-36E01 02S/07W-36H02 02S/06W-33E02.01 02S/07W-34J01 02S/07W-36M02 02S/07W-36L01 02S/07W-34R01 03S/07W-03J01 03S/06W-06K02 03S/07W-03N01 03S/07W-10D01 03S/07W-11E01 03S/07W-09J01 03S/07W-11L03 03S/07W-14J02 03S/07W-21C03 03S/07W-23C03 03S/07W-21G01 03S/07W-22L01 03S/07W-22J02 03S/07W-23M02 03S/07W-23L01 03S/07W-24L01 
